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 
Abstract— Any kind of imbalance in the operation of a wind 
turbine has adverse effect on the downstream torsional 
components as well as tower structure. It is crucial to detect 
imbalance at its very inception. The identification of the type of 
imbalance is also required so that appropriate measures of 
fault accommodation can be performed in the control system. 
In particular, it is important to distinguish between mass and 
aerodynamic imbalance. While the former is gradually caused 
by a structural anomaly (e.g. ice deposition, moisture 
accumulation inside blade), the latter is generally associated to 
a fault in the pitch control system. This paper proposes a 
technique for the detection and identification of imbalance 
fault in large scale wind turbines. Unlike most other existing 
method it requires only the rotor speed signal which is readily 
available in existing turbines. Signature frequencies have been 
proposed in this work to identify imbalance type based on their 
physical phenomenology. The performance of this technique 
has been evaluated by simulations using an existing benchmark 
model. The effectiveness of the proposed method has been 
confirmed by the simulation results. 
I. INTRODUCTION 
Wind energy is the fastest growing renewable energy 
sector at the present time. Total installed capacity of wind 
energy has reached 369.55 GW in 2014 [1]. However, in 
comparison with conventional fossil resources, wind energy 
is still expensive. A practical way to decrease per unit cost of 
wind energy is to increase the turbine size. Therefore, the 
recent trend in wind industry development is towards 
offshore installation of large scale turbines which ensures 
higher annual energy production. On the one hand, offshore 
gives the opportunity to harness regular high speed wind of 
the sea, but on the other hand, it increases the risk of 
expensive unscheduled maintenance. In case of offshore 
wind farms, maintenance costs account for about 25-30% of 
the overall energy generation cost [2]. However, appropriate 
monitoring technique can be utilized to achieve better 
maintenance performance by getting indication of possible 
failure ahead of time. Therefore, in the recent days, wind 
industry has been considering application of condition 
monitoring systems (CMSs) into their turbines [3]. 
Among the different wind turbine faults, blade-rotor 
assembly related failures account for about 0.27 failures per 
year per turbine [4]. It is crucial to address these failures as 
the blade-rotor assembly is the principal energy extraction 
component of the wind turbine which accounts for 30% of 
the overall turbine cost [4]. Faults in turbine blades range 
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from manufacturing error to deformations of the blade 
surfaces. Faults, that cause the mass distribution of the blade 
to change, result in mass imbalance during operation. 
However, temporary mass imbalance may also occur due to 
uneven icing of the blades. A second type of imbalance is 
aerodynamic asymmetry which is caused by difference in 
aerodynamic profile of the blades. This can be induced in the 
blades due to manufacturing tolerance or deformation in 
operational life due to environmental effect. An aerodynamic 
imbalance can also arise due to faults in the pitch system 
which cause uneven aerodynamic torque intake by the blades 
subjected to the same wind profile. Any of these two kinds of 
imbalance imposes torsional oscillation in the rotor and other 
downstream drive train components, like gearbox and power 
generator, which can cause damage to this downstream 
equipment.  Furthermore, it causes increased vibration of the 
nacelle which can lead to structural damage of the tower. Due 
to these adverse effects, it is essential to detect rotor 
imbalance in wind turbine operation. An aerodynamic 
imbalance caused by pitch or yaw system error can be 
mitigated utilizing an appropriate control strategy. However, 
imbalance caused by permanent deformation of blades may 
require operational disruption to correct it.  
Imbalance fault detection in wind turbines is challenging 
compared to other conventional rotating machines due to the 
low and variable speed operation, the influence of control 
system and the stochastic nature of the wind profile. At 
present, a number of techniques are available for wind 
turbine imbalance operation detection which range from 
manual detection by technicians to online detection by 
nacelle- or blade-mounted sensor measurements [5, 6]. 
Imbalanced operation can be identified by the one times rotor 
rotation frequency (1p) signature in the rotor speed signal 
which can be extracted from the electrical current output of 
the generator using phase locked loop based frequency 
estimation [7]. In addition, to distinguish between mass and 
aerodynamic imbalance ref. [7] mentioned the use of two 
times rotor frequency (2p) signature thought to be caused by 
the healthy blades in presence of wind shear. However, the 
tower shadow effect was neglected in that work which is a 
prevalent effect compared to wind shear [8]. Furthermore, the 
2p signature is not the only signature of aerodynamic 
imbalance as discussed in Section II of this paper. Another 
interesting work on rotor condition monitoring used 
transverse, axial and torsional oscillations of nacelle to 
distinguish between mass and aerodynamic imbalance [5]. 
Based on experimental results from a real wind turbine it was 
claimed  that, 1p torsional nacelle oscillation is a signature of 
aerodynamic imbalance whereas mass imbalance can be 
recognized by 1p transverse nacelle oscillation [5]. However, 
this technique requires a number of nacelle mounted sensors 
Speed-based Diagnostics of Aerodynamic and Mass Imbalance in 
Large Wind Turbines 
Md Rifat Shahriar, Student Member, IEEE, Pietro Borghesani, and Andy C. C. Tan 
  
to get oscillations in different directions. A recent technique 
for detection and diagnosis of imbalance fault has used 
nacelle and blade-mounted inertial and strain sensors in 
combination with the generator electrical power output which 
has been tested in a simulation environment [6]. The power 
output has primarily been applied there as a discriminator for 
imbalance types: while mass imbalance has a net average null 
effect on power output, aerodynamic imbalance generally 
causes a decreased efficiency in the extraction of energy from 
the wind. However, reduction in average power output may 
happen due to other reasons like decreased efficiency of other 
drive train components, electrical faults in the generator and 
converter failure. Therefore, in some instances, 
discriminating imbalance types depending only on mean 
power output could be confusing. Unlike most previous 
techniques, the approach proposed in this work uses only the 
rotor speed signal to detect and diagnose the two types of 
imbalance (mass/aerodynamic). In addition, differently from 
[7], which was aimed mainly at mass imbalance detection 
and only mentioned 2p expected signature for aerodynamic 
imbalance, this work presents the entire spectral signature of 
both faults and provides a physical justification of their 
differences. Simulation experiments have been performed 
using an existing benchmark wind turbine model to validate 
the proposed approach. 
The reminder of this paper is organized as follows. In 
Section II, the overall technique of imbalance fault 
identification is explained. Section III contains simulation 
technique, results and associated discussion. Finally, Section 
IV presents the concluding remarks.   
II. IMBALANCE FAULT DETECTION AND DIAGNOSIS 
It is well established that, the primary signature of rotor 
imbalance is the 1p disturbance in the rotor speed signal [6, 
7]. However, to discriminate between mass and aerodynamic 
imbalance the analysis of the full spectrum is required. This 
section describes in brief the technique for diagnosing 
imbalance faults. 
A. Aerodynamic imbalance identification 
To understand the effect of aerodynamic imbalance on 
rotor speed, an exemplary situation is considered when one 
of the three blades is pitched at a different angle than the 
pitch reference. The effect of wind shear and tower shadow 
are also taken into consideration. Due to the fault, the 
corresponding blade will produce a different amount of 
aerodynamic torque compared to the other two.  The total 
aerodynamic torque (τaero(t)) input of the turbine from the 
wind is represented by the following equation [9]. 
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Here, τr(t) is the total torque obtained by the three turbine 
blades (i refers to the blade number), R is the blade length, 
Cq(λ(t), βi(t)) is a mapping of the torque coefficient, which 
depends  on the tip speed ratio λ and the pitch angle of each 
blade βi, vw,i(t) is the wind speed experienced by ith blade of 
the turbine. The tip speed ratio is defined as the ratio of the 
tangential speed of the turbine blade and the wind speed. 
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Here, ωr is the rotor speed and vw is the wind speed at hub 
height. For a fixed wind speed, when all the three turbine 
blades are pitched at the same angle β (i.e. healthy state), the 
torque coefficient Cq should be identical for each blade. As a 
result, the total torque τr(t) should be a constant as the rotor 
rotates. However, the wind shear and the tower shadow 
induce fluctuations in the wind speed experienced by each 
blade as it passes through different angular positions. Due to 
wind shear, higher wind speed is experienced by each blade 
at higher distance from the ground. The tower shadow 
produces a more dominant effect by causing disturbance in 
wind speed when a blade passes near the tower. Both effects 
are three times per revolution (3p) phenomena which add up 
together in phase and put a 3p disturbance in the rotor torque 
measurement. Harmonics of 3p also exist as the disturbance 
is not purely sinusoidal [8]. In case of identical pitch angle, 
the amplitude of disturbance is the same for all three blades. 
However, error in one of the blade pitch results in a different 
torque disturbance for that specific blade. This phenomenon 
is mathematically realizable through the different value of Cq 
for the faulty blade (due to a different βi) compared to the 
other two. It results in an amplitude modulation (AM) of the 
3p phenomenon by a periodic modulation frequency of 1p 
(rotation speed of the faulty blade). This modulation creates 
characteristics sidebands, specific of this phenomenon, at the 
frequencies n·3p±m·1p, (m,n ∈ Z). This also explains the 
appearance of the 2p signature mentioned in [7]. In summary, 
any kind of aerodynamic imbalance can be identified by 
multiple 1p side bands around 3p and its harmonics, in the 
rotor speed signal. 
B. Rotor mass imbalance identification 
Mass imbalance can be occurred due to change in mass 
distribution or total mass of the turbine blade. It imposes an 
additional torque on the rotor. The imbalance torque τim(t) 
can be expressed as follows. 
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Here, m refers to blade mass and b is the distance of blade 
center of gravity from hub. In case of healthy turbine state, m 
and b of the three blades are identical. As a result, the masses 
of the three blades balance each other and the imbalance 
torque τim(t) becomes zero. When the total mass or the mass 
distribution of a particular blade changes it modifies mi or bi 
of corresponding blade. If the modification is x% of its 
original value, the imbalance torque produced by this fault 
can be expressed with the following equation: 
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Here mi and bi correspond to the faulty blade. In this case, the 
total rotor torque τt(t) is, 
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As seen from (4) and (5), the effect of the mass imbalance 
is a sinusoidal torque fluctuation. It is expected to cause rotor 
  
speed variation at a frequency of 1p. It should be mentioned 
here that, large scale multi-megawatt wind turbine rotors 
have large inertia. Therefore, the peak to peak amplitude of 
the speed variation (Δωr) would be considerably small. When 
higher detection ability is sought, i.e., mass imbalance has to 
be detected at its very inception, the case of Δωr << 1 rad/sec 
has to be considered. In this case, unlike aerodynamic 
imbalance, no modulation of 3p occurs. The reason is that 
aerodynamic torque coefficient Cq is not affected by Δωr. 
According to (1), Cq is a function of λ and β. Mass imbalance 
does not affect the blade pitch angle β. However, λ is 
dependent on rotor speed. The change of λ due to the speed 
variation Δωr can be obtained by the following equation, 
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The small Δωr produces limited tip speed ratio variations Δλ. 
This fact, combined with the low derivative ∂Cq/∂λ (optimal 
operation point for maximum power production) makes the 
effect of Δωr on  τaero negligible and 1p remains as the only 
signature frequency of this fault type.  
C. Overall technique of imbalance detection and diagnosis 
According to the discussion presented in the previous 
section, both the mass and the aerodynamic imbalance 
produce the 1p signature. However, aerodynamic imbalance 
can be distinguished by the sidebands around the 3p and its 
harmonics. To eliminate the effect of wind related speed 
variation, computed order tracking is first applied to the raw 
speed signal. Later on, frequency analysis by Fourier 
transform is performed on the order tracked signal and 
imbalance signature frequency peaks are identified in the 
spectrum. A detailed description of the order tracking 
technique can be found in [10]. An overall representation of 
the proposed scheme is provided in Fig. 1. 
III. SIMULATION AND RESULT DISCUSSION 
The performance of the proposed technique has been 
evaluated through simulations. The procedure of simulations 
and corresponding results are discussed in this section. 
A.  Simulation of imbalance faults 
Pitch system faults have been investigated in this work as 
a source of aerodynamic imbalance. Pitch system faults can 
be represented by a sensor fault which causes a fixed offset 
of position measurement. The measurement error flows to the 
corresponding pitch actuator and causes a different pitching 
angle compared to the healthy ones. However, the 
measurement of pitch is generally obtained by averaging the 
readings of two sensors and only one is considered defective 
in the simulations. As a result, pitch actuator system receives 
only part of the fault effect. This type of fault is practical in 
real wind turbine pitch systems [9]. A simulation of this fault 
provides general information about the signature of 
aerodynamic imbalance. To simulate feasible aerodynamic 
imbalance, a measurement deviation of 10° from the healthy 
sensor has been imposed in this work. 
Mass imbalance has been introduced in the simulation 
model as an additional torque calculated according to (4). 
The fault is quantified as a percentage change in total mass or 
mass distribution of one particular blade. In reality, mass 
imbalance should be detected at its very inception. Therefore 
a mass imbalance of 1% has been considered for the 
simulations. 
An existing benchmark model of large scale wind turbine 
has been utilized in this work [9]. Its operation is performed 
according to the reference power curve shown in Fig. 2. 
Here, zone 1 and zone 4 are parking modes for the wind 
turbine when wind speed is below cut-in or above cut-off 
speed respectively. In zone 2, the turbine operates in 
generator control mode when control system tracks the 
reference power curve utilizing the optimal torque control 
method. Power production remains constant in zone 3 to limit 
the speed of the turbine rotor at the rated speed by controlling 
pitch angle of the blades. The wind profiles used for 
simulations are unidirectional, vertically sheared, steady 
(non-turbulent) with speed of 10 m/s and 20 m/s (falling in 
the two different operating control zones). Furthermore, the 
wind direction is always set perpendicular to the rotor plane 
causing a yaw angle of 0°. Each simulation is run for 4400s, 
and the first 100 seconds of each simulation are discarded 
from analysis to eliminate start up transient. Data acquisition 
has been performed with a sampling frequency of 100 Hz 
which is adequate for the rated rotor speed of 16.3 rpm. 
B. Results and Discussion 
Effect of mass and aerodynamic imbalance for the two 
selected wind profiles can be studied according to Figs. 3, 4 
and 5. In the Figures, (h), (a,im) and (m,im) are used in the 
subscripts to refer to healthy, aerodynamic imbalance and 
mass imbalance states respectively. Each imbalance type is 
compared with the healthy state and the corresponding 
discussion is provided below.  
The aerodynamic imbalance case is first compared with 
the healthy state. The consequence of defective pitch angle 
measurement by one of the blade pitch sensor is depicted in 
Figs. 3.a and 3.b. Only the defective blade (in this case blade 
3) could not follow the reference pitch angle.  This in turn 
affects the aerodynamic torque input of the defective blade, 
resulting in an overall decrease of mean rotor speed (ωr(a,im)) 
compared to the healthy (ωr(h)) case when wind turbine is in 
generator control mode (Fig. 4.a). However, at adequately 
high wind speed, the controller can compensate the 
measurement error by adjusting the pitch angle of the blades 
so that the rated speed can be maintained (Fig. 4.b). 
Therefore, in this case the power production of the turbine 
remains almost same as healthy state (Fig. 4.d) unlike the 
generator control mode case (Fig. 4.c). This fact reveals a 
weakness of mean output power as a signature for 
aerodynamic imbalance as it is not working in pitch control 
mode (in addition to the aforementioned limited diagnostic 
capability). As discussed in Section II, the presence of 
multiple 1p side bands around 3p and 3p harmonics in the
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rotor speed frequency spectrum indicate the aerodynamic 
imbalance. However, it is challenging to identify these side 
bands in presence of rotor speed variation. For example, even 
in case of steady wind scenario, as seen from Figs. 4.e and 
4.f, small fluctuations of rotor speed smear the frequency 
spectrum and makes it difficult to compare between faulty 
and healthy state in terms of signature peaks. The order 
tracking is utilized in this work to compensate for the speed 
fluctuations. Frequency spectrums of the order tracked rotor 
speed signals are shown in Figs. 4.g and 4.h for the two wind 
profiles. It is clearly evident that, the multiple 1p side bands 
around 3p and its harmonics are always present irrespective 
of the wind profile in case of aerodynamic imbalance. In the 
healthy state, although the 3P and its harmonics are there due 
to tower shadow and wind shear effect, the signature 
sidebands do not exist. The bump observed in Fig. 4.g around 
20p and the same in Fig. 4.h around 5p is likely due to the 
system transfer function (including control). These results 
demonstrate a high effectiveness of the proposed technique 
for aerodynamic imbalance identification, not influenced by 
the operational control zones. 
Results for mass imbalance simulation are also shown in 
Fig. 4 for comparison with the healthy state. As the amount 
of imbalance remains same for both wind profiles, τim 
remains constant. However, τaero is comparatively high in 
case of the profile with higher wind speed (pitch control 
mode case) when it equals rated value. Therefore, in case of 
lower wind speed, i.e. generator control mode the percentage 
of torque oscillation introduced by mass imbalance would be 
significant compared to the case of pitch control mode. As a 
result, peak-to-peak deviation of rotor speed (ωr(m,im)) from 
the healthy state (ωr(h)) is more obvious in the former case, 
although the mean rotor speed remains the same as healthy in 
both cases (Figs. 4.a and 4.b). Accordingly, the mean power 
output of the turbine stays constant and equal to the healthy 
state in both cases (Figs. 4.c and 4.d). Comparing this power 
output with the case of aerodynamic imbalance, it can be 
resolved that mean power can only be a discriminator for 
imbalance types while the wind turbine is in generator 
control mode. The Frequency spectrums of the rotor speed 
signals are shown in Figs. 4.e and 4.f which become more 
evident after order tracking (Figs. 4.g and 4.h). The signature 
of mass imbalance is clearly evident as 1 per revolution in 
both cases. However, the amplitude of the 1p peak is higher 
for the 10 m/s case, due to the difference between τim and τaero 
discussed above. It should be noted that no sidebands around 
the 3P and its harmonics are evident, unlike the aerodynamic 
imbalance case. 
For a more detailed comparison, zoomed spectra of the 
order tracked signals (around 3p) in case of healthy and 
imbalance faults are shown in Fig. 5.a for 10 m/s wind 
profile. The healthy state only shows 3p and 6p frequency 
peaks as expected (tower shadow and wind shear effect). The 
aerodynamic imbalance shows the characteristics m·1p 
sidebands around 3p (e.g. 2p and 4p). On the other hand, 
mass imbalance results only in a 1p signature. In addition, the 
presence of a rich pattern of sidebands (up to 60p) is evident 
in case of aerodynamic imbalance (Fig. 5.b) which could be 
exploited for reliable automated imbalance fault diagnosis. 
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Figure 3. Effect of pitch system fault (aerodynamic imbalance) on blade pitch angle. (a) Blade pitch angle measurements when wind speed is 10 m/s. (b) 
Blade pitch angle measurements when wind speed is 20 m/s. Here, βr, β1, β2, β3 refer to reference pitch angle and measured pitch angle of blade 1, 2 and 3 
respectively. 
Figure 1. Proposed technique for imbalance fault detection and diagnosis 
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Figure 4. Simulation results for healthy state 
(denoted as (h) in the subscript) in comparison 
with aerodynamic imbalance (denoted as (a,im) in 
the subscript) and mass imbalance (denoted as 
(m,im) in the subscript). Wind speed is 10 m/s (a, 
c, e, g) and 20 m/s (b, d, f, h). (a-b) rotor speeds. 
(c-d) Power outputs. (e-f) Frequency spectra of 
rotor speed signals. (g-h) Frequency spectra of 
order tracked rotor speed signals. 
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Figure 5. Comparison between frequency spectra of order tracked signals in case of healthy state, aerodynamic and mass imbalance for wind speed 10 m/s. 
Symptoms of imbalance are marked by dotted circles. (a) Zoomed frequency spectra around 3p. (b) Zoomed frequency spectra between 30p and 60p.   
 
 
 
IV. CONCLUSION 
A physically-based technique for the diagnosis of mass 
and aerodynamic imbalance faults in the context of large 
scale wind turbine has been proposed in this work. To 
perform the task, it uses only the rotor speed signal obtained 
from the rotor shaft encoder (an existing sensor in wind 
turbines). The 1p signature frequency works as a good 
indicator for mass imbalance fault detection whereas 
multiple 1p sidebands around 3p and its harmonics are the 
symptoms of aerodynamic imbalance. This is due to the 
different physical phenomena: mass imbalance is simply 
governed by gravity (“pendulum-like”) while aerodynamic 
imbalance acts as a 1p modulation over 3p effects (tower 
shadow and wind shear). Simulation experiments have been 
performed using an existing benchmark model to validate 
the proposed technique. It has also been shown that mean 
power output is an unstable indicator for imbalance type 
detection due to its dependency on control zones. Although, 
the proposed technique has been experimented for steady 
wind speed, it incorporates the ability to be applied for 
variable speed wind profiles.  
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